Expression and intracellular localization of the human N-acetylmuramyl-L-alanine amidase, a bacterial cell wall-degrading enzyme Hoijer, M.A.; Melief, M.J.; Calafat, J.; Roos, D.; van den Beemd, R.W.M.; van Dongen, J.J.M.; Hazenberg, M.D. Published in: Blood Link to publication Citation for published version (APA): Hoijer, M. A., Melief, M. J., Calafat, J., Roos, D., van den Beemd, R. W. M., van Dongen, J. J. M., & Hazenberg, M. D. (1997). Expression and intracellular localization of the human N-acetylmuramyl-L-alanine amidase, a bacterial cell wall-degrading enzyme. Blood, 90, 1246Blood, 90, -1254 N-acetylmuramyl-L-alanine amidase (NAMLAA) specifically fluorescence did possess NAMLAA. In immunocytochemical degrades peptidoglycan, which is a major component of bacstaining of blood smears, thrombocytes were also positive terial cell walls with strong inflammatory properties. For for NAMLAA. Western blot analysis and immunoelectron miinstance, peptidoglycan is capable of stimulating peripheral croscopy of neutrophils and eosinophils showed that NAMblood cells to release pro-inflammatory cytokines and is ca-LAA is located in azurophilic granules of neutrophils and pable of inducing chronic arthritis in an animal model. In a in secretory vesicles and crystalloid-containing granules of previous study we found that degradation of peptidoglycan eosinophils. Flow cytometric analysis of blood and bone by purified NAMLAA reduced its inflammatory effects. To marrow from different French-American-British-classified determine where NAMLAA is located in tissues, monoclonal acute myeloid leukemia (AML) patients showed that AMLantibodies against purified NAMLAA were produced for use M2 myeloblasts were the first in the granulocyte maturation in immunohistochemistry, immunoelectron microscopy, lineage that were positive for NAMLAA. The more immaflow cytometric analysis, and Western blotting. The immuture AML, such as AML-M0 and AML-M1, did not express nohistochemical studies showed NAMLAA-positive cells in NAMLAA. CD15-and CD13-negative megakaryoblasts, correhuman spleen, liver, arthritic synovial tissues, and lymph sponding to AML-M7, were also positive for NAMLAA. The nodes. In flow cytometric studies of blood and bone marrow, expression pattern of NAMLAA in the myeloid lineage sugneutrophilic and eosinophilic granulocytes proved to be posgests that the monoclonal antibody AAA4, recognizing itive. Monocytes were negative, although they do contain NAMLAA, is useful for discrimination between AML in the lysozyme, the other important peptidoglycan-degrading enmonocyte lineage and in the granulocyte lineage. zyme. However, mature macrophages obtained by bron-᭧ 1997 by The American Society of Hematology. choalveolar lavage and subsequent selection based on auto-
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the bond between N-acetylglucosamine and N-acetylmuramic acid. However, in previous studies we and others N HUMAN SERA N-acetylmuramyl-L-alanine amidase (NAMLAA) activity was reported for the first time by Ladešić et al. 1 This relatively unknown human enzyme de-showed that cell wall fragments from Gram-positive bacteria still possessed most of their inflammatory properties after grades peptidoglycan, a major component of most bacterial cell walls, by hydrolysis of the lactyl bond that connects N-degradation by hen egg-white lysozyme, 9, 10 but lost most of their cytokine and arthritis-inducing capacity after degrada-acetylmuramic acid in the glycan strands with L-alanine of the peptide side chain. 2 In a previous study we described the tion by NAMLAA. 11 This indicates that the presence of lysozyme alone is not sufficient for complete inactivation of the purification of NAMLAA from human plasma, the preparation of monoclonal antibodies (MoAbs) against it, and the inflammatory properties of peptidoglycan. The presence of a peptidoglycan-degrading enzyme other properties of this enzyme. 3 Peptidoglycan is present in the cell walls of almost all than lysozyme in phagocytic cells is therefore required for the complete processing of peptidoglycan. Apart from lyso-bacteria and is the major constituent of the cell walls of Gram-positive bacteria. The inflammatory properties of pep-zyme, N-acetylglucosaminidase was reported to be present in granulocytes and was shown to hydrolyze the N-acetylglu-tidoglycan in vivo include complement activation, 4 arthritis induction, 5 and activation of monocytes and macrophages cosamine group from the nonreducing end of the glycan chains, 12 although its primary function is the degradation of resulting in the release of inflammatory cytokines. 6, 7 Following the lysis of bacteria during an infection, cell oligosaccharides containing b-glucosaminide linkages, present on many glycoproteins. 13 Whether the degradation by Nwall fragments containing peptidoglycan are rapidly cleared acetylglucosaminidase could have an effect on the inflamthrough the action of phagocytic cells and their hydrolytic matory properties of peptidoglycan has not been investigated enzymes. 8 Lysozyme is thought to be the most important yet. However, it is reasonable to assume that this enzyme enzyme for the inactivation of peptidoglycan, because it dehas very little effect on these properties because of its limited grades the sugar backbone of peptidoglycan by hydrolyzing enzymatic activity. Therefore, the presence of NAMLAA in phagocytic cells might well complement the hydrolytic ac- The IgG1 MoAb AAA4 showed the highest affinity for NAMLAA was removed for technical reasons from a patient with gastric adenocarcinoma. Liver biopsy specimens obtained from the Department and was used for conjugation with FITC (AAA4-FITC) by standard procedures. 14 In a previous study, AAA4 proved to be highly specific of Pathology, Erasmus University Rotterdam, were taken from an organ being prepared for transplantation. Lymph nodes were ob-for NAMLAA and was used for the purification of NAMLAA in one step from human plasma. 3 tained from a patient undergoing surgery for tonsillitis. Synovial tissues were obtained at the time of reconstructive surgery from the Bronchoalveolar lavage. Bronchoalveolar lavage samples (generously supplied by the Department of Pulmonary Medicine, Univer-knees and hips of patients with definite or classical rheumatoid arthritis according to the American Rheumatism Association criteria. sity Hospital Rotterdam, The Netherlands) were obtained as follows. After informed consent, bronchoalveolar lavage was performed on For immunohistochemical staining with the MoAb AAA4, tissue cryostat sections were acetone-fixed as described previously. 15 Only individuals during anesthesia for surgery. The lavage was performed with a flexible bronchoscope placed in wedge position in the right the spleen cryostat sections were fixed with pararosaniline. The staining procedure was the same as described above for immunocyto-middle lobe. Four aliquots of 50 mL of saline were subsequently instilled and aspirated. The obtained fluid was collected in silicon-chemistry.
Immunohistochemical double staining. For double staining with ized bottles.
The cells in the lavage fluid were kept at 4ЊC, washed twice in two MoAbs, the tissue cryostat sections were fixed as described above. Endogenous peroxidase activity was blocked by a 10-minute phosphate-buffered saline (PBS) containing 0.5% (wt/vol) bovine serum albumin (BSA) and 0.45% (wt/vol) glucose. The cells were incubation in 0.5% H 2 O 2 in PBS. The sections were washed in PBS/ BSA and subsequently incubated with MoAb AAA4 for 1 hour at then filtered through a 100-mm and a 30-mm gauze and subsequently sorted on a FACS-Vantage (Becton Dickinson, Erembodegem, Bel-room temperature. As the second step, APAAP was used as described above. After incubation and washing in PBS/BSA, the sec-gium) with a laser operating at 488 nm. The highly autofluorescent (530 nm) population was used to prepare cytospins and was shown tions were incubated with the second MoAb for 1 hour at room temperature. The antibodies used are listed in Table 1 . The staining to contain 100% alveolar macrophages, positive for acid phosphatase and CD68. 23 The cells were stained with AAA4 as described under was detected with a peroxidase-conjugated rabbit-antimouse-Ig (P161, DAKO) in a 1:250 dilution in PBS/BSA with 1% normal Immunocytochemistry (see below).
Immunocytochemistry. For the preparation of smears, blood and human serum. After a 30-minute incubation and washing in PBS/ BSA, the sections were incubated with the alkaline phosphatase small BM samples were obtained after informed consent from a healthy donor by the Department of Hematology, Erasmus Univer-substrate for 45 minutes in the dark, followed by rinsing in PBS/ BSA and 0.2 mol/L sodium acetate buffer, pH 4.6. The peroxidase sity Rotterdam, The Netherlands. The smears were fixed and permeabilized by incubation for 10 minutes in acetone. The smears were substrate 3-amino-9-ethylcarbazole was applied for 30 minutes. Finally, the sections were rinsed in PBS/BSA and distilled water and then rinsed in PBS containing 0.2% BSA and incubated for 1 hour at room temperature with 70 mL of AAA4 (diluted 40 mg/mL in mounted in Kaiser's glycerol gelatin. Flow cytometric analysis. Blood and BM was sampled for diag-PBS-BSA) or, for control staining, with an irrelevant MoAb of the same isotype and concentration. Subsequently, the smears were nostic purposes from AML patients and were French-American-British (FAB) classified. 16, 17 As a control, peripheral blood (PB) and rinsed in PBS-BSA and incubated for 30 minutes at room temperature with rabbit-antimouse immunoglobulin (Z259; DAKO, BM, obtained for diagnostic purposes, from a healthy donor were used. The cells were stained for intracellular antigens according to Glostrup, Denmark) diluted 1:20 in PBS-BSA with 1% normal human serum. After rinsing in PBS-BSA, a 1:40 dilution of mouse-Syrjalä et al. 18 In short, 100 mL of heparinized blood was incubated with the relevant conjugated antibodies for 10 minutes at room tem-anti-alkaline phosphatase in a complex with alkaline phosphatase (APAAP, D651; DAKO) was applied for 30 minutes. To develop perature. The antibodies used for flow cytometric analysis were: CD3-PerCP, CD4-FITC, CD8-PE (Becton Dickinson Immunocy-the stain, the smears were incubated for 30 minutes at room temperature with 0.012% (wt/vol) naphthol-ASMX phosphate, 0.025% (wt/ tometry systems, San Jose, CA); CD10-PE, CD14-PE (Coulter, San Fransisco, CA); CD15-PE (CLB-CD15-PE; Immuno Quality Prod-vol) fast blue BB base, and 0.025% (wt/vol) levamisol (all from Sigma, St Louis, MO), which stains positive cells blue. Granulocytes ucts, Groningen, The Netherlands); and CD19-TC (Sanbio, Uden, The Netherlands). The cells were then lysed and fixed by adding 2 were easily identified by the negatively stained nucleus, rendering a counter stain unnecessary. Finally, the smears were mounted in mL of FACS Lysing Solution (Becton Dickinson) and incubating for 10 minutes at room temperature. The cells were centrifuged and Kaiser's glycerol gelatin (Merck, Darmstadt, Germany).
Immunohistochemistry. For the immunohistochemical studies, washed twice with PBS / 0.5% BSA and incubated with AAA4-FITC for 10 minutes. Again the cells were washed twice with PBS-spleen tissue was obtained from the Department of Pathology immediately after surgery (SSDZ, Delft, The Netherlands AID Blood 0038 / 5h3a$$0038 07-02-97 19:51:39 blda WBS: Blood Cryo ultramicrotomy and immunolabeling. Leukocytes from PB were fixed with a mixture of 0.5% (vol/vol) glutaraldehyde and 4% The Netherlands).
Negative
Preparation of neutrophil fractions and Western blot analysis.
AML-M5a 120796 Negative
Neutrophil fractions were isolated essentially as described by only (data not shown).
Aspecific binding sites were blocked by incubating the nitrocellulose Immunocytochemical studies of blood and BM showed sheets in low-fat milk for 30 minutes and subsequently washing that granulocytes, but not monocytes, stained positive for three times with 0.5% Tween-20 in PBS. The nitrocellulose sheets NAMLAA ( Fig 1A) . Figure 1B shows that band-form granuwere then incubated for 1 hour at room temperature with MoAbs locytes from BM were also positively stained for NAMLAA. diluted 500 times in PBS-Tween. After three washes, goat-anti-Although monocytes and spleen macrophages did not exmouse-IgG conjugated to alkaline phosphatase (DAKO) was added in a 1,000-times dilution, and the blots were incubated for 1 hour press NAMLAA, a 20% subpopulation of highly fluorescent at room temperature. The blots were washed three times with PBSbronchoalveolar macrophages was positive for NAMLAA Tween and then three times with PBS. For visualization of antibody- (Fig 2) , indicating that differentiation of monocytes to macantigen complexes, the alkaline-phosphatase substrate nitroblue tetrophages induces NAMLAA expression. and BM NAMLAA expression is restricted to the myeloid lineage.
RESULTS

Expression of NAMLAA in various acute myeloid leukemias (AMLs). Blood and BM from FAB-classified AML
Localization of NAMLAA in human tissues. NAMLAApositive cells were found in human spleen, liver, lymph patients were screened for NAMLAA-positive cells ( Table  2 ). M0 (myeloid precursor), M1 (myelo-monocytic precur-nodes, and synovial tissues of arthritis patients and healthy controls. Double staining of spleen tissue for NAMLAA and sor), and M4 (monoblast) leukemic cells were negative, AID Blood 0038 / 5h3a$$$741 07-02-97 19:51:39 blda WBS: Blood whereas M3 (promyelocyte) leukemic cells were positive.
The granules were subsequently characterized in doublelabeling experiments. Myeloid peroxidase, a marker of azu-Chronic myeloid leukemia (CML) (myelocyte) and M7 (megakaryoblast) cells were also positive. In the myeloblast rophilic granules, colocalized with NAMLAA in some but not all azurophilic granules (Fig 5b) . We have counted a stage (M2), leukemic cells from two patients were NAMLAApositive, while those of three other patients were negative, total of 195 granules and 26.2% were positive for NAMLAA and MPO, 25.6% were positive for MPO alone, 2.0% were suggesting that expression of NAMLAA starts at this stage of granulocyte maturation (Fig 4) . positive for NAMLAA alone, and 46.2% of the granules were negative. No colocalization was found with lactoferrin Localization of NAMLAA in granulocytes. Immunoelectron microscopic studies were performed on ultrathin cryo- (Fig 5c) , a marker for specific granules. We have counted 208 granules: 17.2% were positive for NAMLAA, 61.0% sections of neutrophils and eosinophils. The sections were incubated with the NAMLAA-specific MoAb AAA4 and were positive for lactoferrin, and 21.2% were negative. NAMLAA was more abundant in the crystalloid-containing were subsequently stained with gold-labeled antibodies. The gold label was found in vesicles and granules of neutrophils granules and vesicles of eosinophils ( Fig 6) . Monocytes present in the same sections were negative for NAMLAA. (Fig 5a) To confirm the results obtained by immunoelectron mi-a fraction containing mainly specific granules and a fraction containing mainly azurophilic granules. The presence of pro-croscopy the localization of NAMLAA in neutrophilic granulocytes was investigated also by Western blotting. The neu-teins from the azurophilic granules in the other neutrophil fractions was based on the content of MPO activity. The trophilic granulocytes were fractionated into a semi-purified membrane fraction, a cytosolic fraction without membranes, membrane fraction contained about 10% of the total specific AID Blood 0038 / 5h3a$$$741 07-02-97 19:51:39 blda WBS: Blood Azurophilic granules store a number of digestive enzymes, which are essential for the inactivation of invading microorganisms. Using some of these enzymes as a marker, Egesten et al 29 were able to classify heterogeneous forms of azurophilic granules in promyelocytes. By using antibodies against MPO, bactericidal permeability increasing protein, cathepsin G, elastase, and proteinase 3, they classified azurophilic granules into nucleated azurophils, large spherical azurophils, and small azurophils. In Fig 5b it is shown that NAMLAA did not always colocalize with MPO, which suggests that NAMLAA is also heterogeneously expressed between the different forms of azurophilic granules.
In previous studies it was shown that NAMLAA is a glycoprotein with a molecular mass of 70 kD, but its mass is 60 kD after deglycosylation. 3 Using two-dimensional gel electrophoresis, we detected multiple isoforms of NAMLAA with the main spots between pH 7.5 and 7.8. This proves that NAMLAA is a cationic protein, as are most of the proteins in the azurophilic granules. 29 The neutrophil fractions subjected to Western blot analysis showed a broad protein band with a molecular mass between the fully glycosylated 70-kD band and the deglycosylated 60-kD band. The molecular mass and the broadness of the band indicate that the enzyme may have been partly degraded during the isolation procedure. The presence of the band in the azurophil fraction but not in the fraction containing the specific gran- 
